, "Cell cycle analysis and synchronization of pluripotent hematopoietic progenitor stem cells" (1997). Open Access Articles. 285.
synchronization in early S phase of the first cycle. The primitive long-term repopulating cells can be induced
MATERIALS AND METHODS
to proliferate after in vivo exposure to cytotoxic agents, such as 5-fluorouracil (5-FU) or in vitro exposure to cytokines. 0.5%. Cells were included in 0.5 mL overlayer with a final agar concentration of 0.3%. Culture dishes with the cells were then incucells/mL in Dulbecco's Modified Essential Medium (DMEM; GIBCO-BRL, Grand Island, NY) containing 5% heat-inactivated bated at 37ЊC for 14 days in the presence of 5% O 2 , 10% CO 2 , and 85% N 2 and scored for HPP-CFC using a dissecting microscope. fetal calf serum (HI-FCS; HyClone Laboratories, Logan, UT), glutamine (2.5 mmol/L), penicillin (100 U/mL), streptomycin (100 mg/ HPP-CFC typically generated colonies greater than 0.5 mm in diameter, consisting of tightly packed cells. Functionally, these are demL), and appropriate cytokines at 37ЊC in a 5% CO 2 containing humidified incubator. Unless otherwise indicated, the concentration fined as primitive cells by their relative resistance to 5-FU, their synergistic growth factor requirements, and their copurification with and the source of individual cytokines added in different combinations to the media in these studies were recombinant murine SCF long-term reconstituting cells in vivo.
Purification of Lin

11,16
3 H-thymidine suicide assay. This assay was performed essen-(mSCF) at 100 ng/mL (R&D Systems, Minneapolis, MN), mIL-3 at 100 U/mL (Collaborative), mIL-6 at 50 U/mL (R&D), recombinant tially as described by Quesenberry and Stanley. 17 The number of cells in S phase were detected in this assay by subjecting an aliquot human IL-11 (hIL-11) at 50 ng/mL (Genetics Institute, Cambridge, MA), IL-1a at 250 U/mL (Hoffmann La Roche, Nutley, NJ), granuof cells in culture to a high specific activity 3 H-thymidine (200 mCi/ mL) for 20 minutes at 37ЊC and determining their ability to form locyte-macrophage colony-stimulating factor (GM-CSF) at 2.5 ng/ mL (R&D), granulocyte colony-stimulating factor (G-CSF) at 5 ng/ HPP-CFC in a double-layer agar system described above. mL (Collaborative), basic fibroblast growth factor (bFGF) at 5 ng/ RESULTS mL (R&D), and CSF-1 at 5,000 U/mL (Chiron, Emeryville, CA). that virtually all of the cells transit through the S phase of
The number of cells in S phase were determined by autoradiography the first cycle during 30 hours of incubation in cytokines.
of the cells after pulse labeling with 3 H-thymidine as described
Transition of all the cells incubated with cytokines through elsewhere. 14 Briefly, duplicate aliquots of cells (500 to 1,000) at the first cycle is also indicated by a twofold increase in cell regular intervals as they are progressing through cell cycle were numbers (one doubling) by 36 to 40 hours (Fig 1) (Table 1) . On isolation, 7-factor HPP-CFC, representing 28% of Lin 0 Rho low /Ho low cells, showed essentially no kill with 3 H-TdR (3% { 3%) and were dormant. After 28 to 30 hours of culture in IL-3, IL-6, IL-11, and SCF, cloning efficiency was (Table 1) . 36 hours with IL-3, IL-6, IL-11, and SCF were subjected to isoleucine-deprivation to arrest them in early-G 1 of subsequent cycle. We observed that isoleucine-deprivation for 26 to 30 hours effectively limited stem cells completing first S phase from progressing through the subsequent G 1 and entering into the second S phase (Fig 4) . During this entire period, 
Blue. When isoleucine-deprived cells were refed with com-
The cells were then released from isoleucine-block and at indicated plete medium, they immediately entered into S phase ( We also evaluated an alternate population of purified hematopoietic stem cells, Lin 0 /Sca / cells, stimulated by SCF, SCF plus IL-3, or a 7-cytokine cocktail (Fig 6) . Here, approximately 10% of the purified cells were labeled with 3 Hthymidine at time 0 in culture, indicating a less quiescent population than that represented by Lin 0 Rho low /Ho low . The For personal use only. at UNIV OF MASSACHUSETTS on April 3, 2008. www.bloodjournal.org From 50% of the cells being in S phase in the absence of aphidicolin during the same incubation period (Fig 6) . When the cells were released from aphidicolin block, they entered into S phase without any detectable lag period, indicating their arrest at G 1 /S boundary or in early-S phase in response to aphidicolin. These cells retained a tight synchrony as they completed S phase and traversed through the subsequent phases of cell cycle (Fig 7) . Furthermore, as in cytokinestimulated cells, SCF alone was as effective as the 7-cytokine cocktail in allowing the progression of aphidicolin-synchronized Lin 0 /Sca / cells through S phase.
DISCUSSION
The present data indicated that highly purified Lin 0 Rho low /Ho low murine lymphohematopoietic stem cells are Given the length of S phase, these data indicate that essentially all cells traversed S phase. In other studies using whole unseparated marrow exposed to the same cytokine combinations, we have shown that, at 48 hours of culture, the cells general profile and the temporal order of their progression show very poor long-term engraftment in either irradiated through G 0 /G 1 and into S phase is found to be essentially or normal hosts, but more recent studies indicate that this similar to that seen with Lin 0 Rho low /Ho low cells. Furtherengraftment defect is reversible over time, although it is more, the lag period of 16 to 18 hours and the fraction of virtually impossible to rule out some degree of differentiacells entering into S phase at 28 to 30 hours observed in the tion within the stem progenitor classes in these experiments. presence of SCF alone remained unchanged when SCF was The data cited above indicate that the population retains stem combined with IL-3 (2-cytokine combination) or with ILcell-like properties through multiple cell cycle transits. A 3, GM-CSF, IL-1a, bFGF, CSF-1, and G-CSF (7-cytokine detailed analysis of the first cell cycle transit indicates a G 1 combination). Thus, SCF alone in the presence of 5% HIphase of about 18 hours and a total cycle length of 36 to 40 FCS is as effective as multiple cytokine combinations for hours. Given the relative fixed minimum of 7 to 8 hours for inducing the progression of Lin 0 /Sca / cells from a quiescent S, 2 hours for G 2 , and 1 hour for M, the G 1 in the subsequent state into proliferative cycle and into S phase. However, cycle must be very short, in the range of 1 to 2 hours. supplementing SCF containing media with HI-FCS was
The isoleucine deprivation studies (see below) add further found to be essential for cell viability, because, in its abevidence for a very short G 1 in cytokine-stimulated Lin 0 sence, a progressive cell death was observed during the first Rho low /Ho low cell cycles after the first cell cycle transit. 24-hour incubation period (data not shown). Similarly, HIDogma suggests that Lin 0 Rho low /Ho low cells are dormant FCS alone in the medium, without SCF, was not sufficient and not easily stimulated to divide, but our data suggest that for the proliferative stimulation of the cells (data not shown).
all of these cells are easily induced to enter cell cycle. Studies Thus, these cells require a minimum of serum factors and by Hendrikx et al 19 on transplantation of highly purified SCF for their entry into and subsequent progression through murine marrow stem cells and using PKMH-26 fluorescence the cell cycle.
labeling indicate that the majority of engrafted cells have As can be seen in Fig 6, 50% to 60% of Lin 0 /Sca / cells divided over a 24-hour period after intravenous infusion. entered synchronously into S phase by 30 hours after cytoThese studies suggest cycle times for primitive stem cells kine stimulation. To achieve more synchronous entry of cells stimulated from dormancy of 24 to 48 hours. This is to be into first S phase and to establish procedures that allow the contrasted by recent studies by Bradford et al, 1 using promaintenance of stem cell synchrony as they complete first longed continuous labeling with BrdU, indicating that the S phase and enter into subsequent cycle, we examined the average turnover time of Lin 0 Rho low /Ho low cells in vivo was ability of aphidicolin, an inhibitor of DNA polymerase a, H-TdR (Fig 3) .
Thus, these studies describe essential cytokine and serum conditions required for the synchronous progression of puriAs shown in Fig 3, cytokine-stimulated cells entered synchronously into S phase, with 55% to 60% of them in S fied PHSCs from their initial G 0 /G 1 phase into S phase and identify for the first time two specific approaches to synchrophase at 30 hours. During 90 to 100 hours of incubation with cytokines after the first cycle, about 60% of cells continnize PHSCs at G 1 /S boundary of their first cycle (aphidicolin-induced synchrony) and at G 0 /G 1 phase of their second ued to be in S phase as determined by autoradiography analysis of the cells pulse-labeled with 3 H-thymidine at 12-to 14-cycle (isoleucine-deprivation-induced synchronization of the cells completing first S phase). They also show a relahour intervals (Fig 4, data not shown) . This indicates either that a partial synchrony of the cells persisted as they tratively long cycle time from dormancy of primitive Lin ary synchronization at G 1 /S boundary after aphidicolin treatinterleukin-11, and stem cell factor leads to impaired engraftment ment (Fig 7) . Considering its selective inhibitory effect on in irradiated hosts. Blood 87: 30, 1996 DNA polymerase a 17 and its ineffectiveness in altering G 1 -10. Ramshaw HS, Rao SS, Crittenden RB, Peters SO, Weier HU, associated erythroid differentiation of MELC cells in vitro, 22 Quesenberry PJ: Engraftment of bone marrow cells into normal aphidicolin may not show secondary effects that are indepenunprepared hosts: Effects of 5-fluorouracil and cell cycle status. dent of cell cycle status that it induces.
Blood 86: 924, 1995 We tested both the serum-deprivation and the isoleucine- 
